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Abstract
The predicted large magnitude of warming at high latitudes and the potential
feedback of ecosystems to atmospheric CO2 concentrations make it important to
quantify climate change and its effects on the high-latitude carbon balance. We
investigated the ecological significance of snow cover and growing season
dynamics on high latitude and high elevation carbon budgets. We quantified
seasonal and annual temperature and precipitation variability and trends and
growing season dynamics at seven boreal and sub-alpine AmeriFlux tower sites
using long-term surface meteorological observations. There was a general
warming and drying trend at five sites; the most significant increase occurred in
winter and summer temperature extrema. One of the sites demonstrated a trend
towards colder and wetter conditions. We verified the simulated carbon (C) and
water balances of an ecosystem process model, Biome-BGC, using field
measurements of C sequestration and snow water equivalence (SWE), and used
model simulations of C, water and energy budget fluctuations to study the
impacts of snow cover and growing season length on annual net primary
production (NPP) and net ecosystem exchange (NEE). The timing of spring
snow pack depletion and growing season onset significantly affected the annual
C budget in boreal coniferous and sub-alpine biomes, where earlier snow pack
ablation and growing season were inversely proportional to net C assimilation.
Neither snow pack nor growing season dynamics significantly controlled annual
C sequestration in boreal deciduous forests and grasslands, where longer snow
free periods and growing seasons increased not only C assimilation, but
respiration, decomposition and water stress as well. The timing of snow pack
accumulation did not affect C sequestration as significantly as the timing of snow
pack depletion at high latitude boreal forests, where cooler temperatures and
lower solar irradiance limited gross primary production and respiration regardless
of snow pack conditions. Our results indicate that with longer snow-free periods
and growing seasons, boreal coniferous and sub-alpine forests will be net sinks
of atmospheric CO2 so long as there is sufficient moisture to alleviate water
stress.
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1. Introduction
Boreal forests cover 14% of the earth’s terrestrial surface, and have acted
as long-term carbon sinks, containing approximately 27% and 28% of the world’s
vegetation and soil carbon inventories, respectively (McGuire et al. 1995,
McGuire et al. 1997). At high latitudes and high elevations, extreme seasonality,
cold temperatures, permafrost, and a short growing season result in low rates of
primary productivity and slow decomposition of organic matter. Given the large
stores of carbon (C) in both the living biomass and the soil, the response of these
ecosystems to a warming climate may initiate substantial feedbacks to
atmospheric GO2 concentrations
Depth and duration of snow cover are the most important meso-scale
variables controlling biological systems in the northern latitudes, and are the
principle determinants of landscape-scale ecosystem heterogeneity in boreal,
sub-alpine and tundra ecosystems (Jones et al. 2001). Snow cover insulates the
surface and reflects energy because of its high albedo, thus protecting vegetation
from extremely cold temperatures in winter, and suppressing spring warming of
the soil. Water and nutrients in the snow pack are gradually released during
spring snowmelt, providing favorable conditions for emerging vegetation.
Duration of snow cover determines the dynamics of soil temperature, soil
moisture, depth of freezing, and soil heat flux; therefore, snow cover largely
determines the growing season, or the potential period for growth, assimilation
and storage of atmospheric GO2 by vegetation. In areas where the soil freezes.
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the timing of the thaw in the spring is critical, since neither growth nor uptake of
nutrients can occur while the soil is frozen (Jarvis and Linder 2001).
Snow cover depth and extent are consequences of interactions between
topography and key facets of climatic variability including air temperature,
precipitation (form and seasonal distribution), duration and intensity of solar
radiation, surface albedo and surface energy balance, and wind speed and
direction, all of which affect évapotranspiration, runoff and the distribution, depth
and longevity of winter snow-pack. Interannual variability in the timing of boreal
spring thaw is on the order of 6-7 weeks, equivalent to a year-to-year change in
growing season length of 30%, with significant impacts on annual net primary
productivity (NPP) and corresponding feedbacks to regional and global C cycles
(Churkina and Running 1998, Frolking et al. 1999, Black et al. 2000, Kimball et
al. 2004).
Recent observations suggest changes in the seasonal cycle of
atmospheric CO2 at high northern latitudes are a result of earlier ecosystem 0
uptake and increased NPP associated with warmer springtime air temperatures,
earlier thaw and longer growing seasons (Randerson et al. 1999, Keyser et al.
2000, Keeling and Whorf 2002, McDonald et al. 2004). Also, the stability of the
soil 0 pool in boreal ecosystems appears to be sensitive to the depth and
duration of thaw, and climatic changes that promote a deeper and earlier thaw
are likely to cause a net efflux of soil CO2 (Goulden et al. 1998). Continued
warming of high latitude land areas is likely to reduce the spatial and temporal
extent of high albedo, snow-covered surfaces, thereby decreasing the stability of
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the soil C pool. This may switch boreal forests from a sink to a source of
atmospheric CO2 , potentially enhancing the rate of future global warming. With
an increase in temperatures large enough to increase the soil active layer, some
boreal forests have already become net CO2 sources, with decomposition
exceeding NPP (Goulden et al. 1998).
The objective of this investigation was to determine the ecological
significance of the relationships between the timing of snow pack ablation,
accumulation and duration and growing season length, and annual net C
sequestration and loss in boreal and sub-alpine ecosystems. To do this, we first
quantified seasonal and annual temperature and precipitation variability and
trends and growing season dynamics in seven boreal and sub-alpine AmeriFlux
tower sites using long-term surface meteorological observations. We next
verified the simulated C and water balances of an ecosystem process model
(Biome-BGC 4.1.2) by comparing field measurements of daily C sequestration
and loss and snow water equivalence (SWE) with model predictions for these
parameters. Finally, we used model simulations to test our hypotheses.
Based on results from previous studies and our understanding of boreal
and sub-alpine ecological processes, we hypothesized that earlier snow pack
ablation in high latitude and high elevation biomes would be correlated to an
increase in both NPP and net ecosystem C exchange (NEE). We expected the
timing of spring snow cover depletion to exert greater control over annual 0
sequestration than fall snow pack accumulation, since cooler temperatures and
reduced solar radiation in the fall would limit both gross primary production (GPP)
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and respiration regardless of snow pack. Further, we predicted that earlier snow
pack depletion and longer growing season duration would correspond to
increased NPP, respiration and decomposition, but that increases in C
assimilation would exceed C loss, and thus demonstrate that boreal and sub
alpine ecosystems would continue to be net sinks for atmospheric CO2 under
longer snow-free periods and growing seasons.
2. Methods
2.1 Site descriptions
Seven study sites within North American sub-alpine, boreal, and ecotonal
boreal ecosystems were selected for this investigation (Figure 1, Table 1). The
sites are part of the AmeriFlux and FLUXNET networks (Baldocchi et al. 2001),
and cover a broad range of climate, with annual total precipitation from 40 to 102
cm/yr, and average annual temperature from -2.9 to 6.5°C. Together the sites
are fairly representative of North American high latitude and high elevation
biomes. Site characteristics are further described in Appendix A.
2.2 Climate Analysis
Meteorological records from nearby weather stations were obtained from
the National Climatic Data Center (NCDC) for the years 1972 to 2002 for the
Northern Old Black Spruce (NOBS) site, 1972 to 2001 for NW and 1975 to 2002
for the Southern Old Black Spruce (SOBS) and Southern Old Aspen (SOA) sites.
National Climatic Data Center observations were available for Park Falls (PF)
from 1948 through 2001. Daily air temperature and precipitation data from 1938
to 2001 were acquired from The Canadian Atmospheric Environment Service
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(AES) for Lethbridge (LTH). Clean Air Status and Trends Network (GASTNET)
and NCDC records were combined to create a continuous climate record for
Howland Forest (HF) for the years 1964 through 1999. Long-term surface
meteorological records were approximately 99.33% complete. When necessary,
gaps in the meteorological data record longer than one week were filled by direct
substitution from the previous year’s observations; shorter gaps were filled using
linear interpolation. We used a microclimate simulation model, MT-CLIM
(Running et al. 1987, Hungerford et al. 1989, Kimball et al. 1997a, Thornton and
Running 1999) to simulate incident short-wave solar radiation and humidity,
correcting for elevation and albedo.
Because our objective was to analyze climate with respect to both
seasonal and annual ecosystem dynamics, we seasonalised the climate records
according to the calendar year: March through May was classified as spring,
June through August was classified as summer, September through November
was classified as fall, and December through February was classified as winter.
We performed least-squares linear regression analyses on ecologically sensitive
climate variables: maximum temperature
average daily temperature

(T m a x ),

( T a v g = [T m a x + T m in ]/2 ),

minimum temperature

(T m in ),

total precipitation, estimated

snowfall, and rainfall to detect temporal trends in averaged daily and annual
values in each seasonal subset. Precipitation observations were classified as
either rain or snow based on Tavgi if Tavg> 0°C, then daily precipitation was
classified as rain, if Tavg^ 0°C, then daily precipitation was classified as snow.
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Air temperature thresholds have proven to be helpful surrogates for
defining growing season length in boreal and temperate ecosystems (Jarvis and
Linder 2001, Suni et al. 2003a, Suni et al. 2003b). The active growing season
was defined using five day running daily Tavg observations; when the five day
running Tavg ^ -1 °C, the growing season began. The Julian day offset and
duration of the growing season were calculated when the five day running
average Tavg < -1 °C. The -1 °C temperature threshold for the photosynthetically
active period was chosen based on observations from boreal and sub-alpine
evergreen forests indicating that when air temperature exceeds -1°C, snow
starts to melt, melt water percolates down into the soil, and the switch from a
small daily loss of C to a large net gain occurs over just a few days (Jarvis and
Linder 2001, Kimball et al. 2004).
The Durbin-Watson test was performed in the Statistical Package for
Social Sciences (SPSS) to test for serial correlation of residuals for all statistically
significant climate trends. Significance was defined at the 90% Confidence
Interval (90% Cl) for all analyses.
2.3

Evaluation of Tower and Model Carbon Budgets

The Biome-BGC ecosystem process model is primarily a research tool,
and many versions have been developed for particular purposes. In 2002, minor
updates from Biome-BGC 4.1.1 were made to improve model calculations of
daylight average air temperature, C allocation in the model initialization and
nitrogen retranslocation (Thornton et al. 2002). While Biome-BGC 4.1.2 and its
predecessors have been extensively documented and validated (Running and
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Coughlan 1988, Hunt and Running 1992, Hunt et al. 1996, Kimball et al. 1997b,
Thornton 1998, Keyser et al. 2000, Kimball et al. 2000, Law et al. 2001, Thornton
et al. 2002), the simulated C balance in Biome-BGC 4.1.2 (Biome-BGC) has not
been verified in boreal ecosystems. The purpose of this analysis was to test the
ability of the model to explain between- and with in-site seasonal and annual
differences in C budget dynamics by comparing eddy covariance measurements
and model predictions of net ecosystem exchange (NEE). Throughout this
investigation, negative fluxes denote net C assimilation by the vegetation.
All study sites are part of the AmeriFlux network and the global network,
FLUXNET. Each site has recorded measurements of CO2 , water vapor and
sensible heat fluxes between the vegetation and the atmosphere, with
contributions from regional footprints extending up to several kilometers
surrounding individual tower sites. Site measurements are described elsewhere
(e.g.. Black et al. 1996, Chen et al. 1997, Gower et al. 1997, Goulden et al. 1998,
Hollinger et al. 1999, Black et al. 2000, Berger et al. 2001, Falge et al. 2002,
Monson et al. 2002). From the initial subset of flux tower records (Table 1), daily
NEE measurements were calculated when missing observations comprised less
than 10% of the half-hourly or hourly measurements within a 24-hour period.
Since NEE is the net sum of two relatively large opposing fluxes, a simple
comparison between model and tower NEE is not a robust indicator of model and
tower agreement; large errors in GPP and ecosystem respiration

(R e ),

or the sum

of maintenance, growth and heterotrophic respiration rates, can result in similar
NEE measurements and predictions. There are additional limitations to using
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observed NEE to validate the accuracy of BIOME-BGC, since the tower
measurement uncertainties are estimated to be on the order of ±15% (Baldocchi
and Vogel 1996). Flux measurements are not continuous and generally use
empirical models to “gap fill” missing data, thus eddy covariance NEE
“observations” are really the product of both measurements and model results
(Falge et al. 2002). Therefore, independent measurements of NEE component
fluxes and rates and Leaf Area Index (LAI) were compared to model predictions
of these parameters to determine the level of agreement between model logic
and tower based estimates of ecosystem 0 fluxes and biomass.
We performed least-squares linear regressions to determine the slope and
level of significance between available tower estimates and model predictions of
GPP, NPP and NEE. We assessed relationships between measured and
predicted LAI using least-squares linear regression analyses. Additionally, we
calculated absolute and relative differences between tower measurements and
model estimates of 0 sequestration to evaluate the model’s simulated C budgets
for boreal grassland, boreal coniferous, boreal deciduous, and ecotonal borealnorthern hardwood forest sites.
In Biome-BGC, NEE represents the net C sequestration or loss by the
ecosystem, and is determined as the daily difference between GPP and
respiration from autotrophic maintenance
heterotrophic respiration

(R ^ ).

(R m ),

growth processes

(R g ),

and

Previous studies suggest comparisons between

simulated and observed NEE are more appropriate over larger (e.g. weekly) time
scales (Kimball et al. 1997b). Therefore, five day running average flux tower-
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based measurements of NEE were regressed against concomitant five day
running average model-based estimates of NEE to determine the level of
agreement among observed and modeled exchanges of CO2 between the
atmosphere and vegetation. We calculated the coefficient of variation, slope,
and significance of the relationship between five day running averages of towerbased observations and model estimates of NEE over the length of the tower
records.
2.4 Evaluation of Field and Estimated Hydrologie Budgets
Scientists interested in landscape-level interactions between snow and
ecological processes must frequently rely upon relatively simple model
simulations of snow pack dynamics, since detailed measurements regarding
snow depth and SWE are sparsely located and spatially variable. Site
measurements of SWE and snow depth were used to verify the hydrologie sub
model of Biome-BGC (Table 1). Descriptions of field measurements of SWE are
provided elsewhere (Davis 1998, Cook 2000, Schaefer and Paetzold 2000).
Calculations of water fluxes within Biome-BGC utilize daily meteorological
data in conjunction with general stand and soil information to predict evaporation,
transpiration, soil moisture, snow water equivalent depth, and soil outflow of
water at a daily time step. Biome-BGC represents the surface with homogenous
canopy, snow and soil layers. Precipitation falls as snow when the average air
temperature is below 0.0°C, and SWE is computed from incoming precipitation.
Biome-BGC tracks SWE and does not model snow pack density. Rainwater
falling on the snow pack is directly routed into either the soil compartment or is
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lost as runoff. The forest canopy intercepts rain in proportion to the amount of
leaf area, and both rain and snow evaporate as a function of daily solar radiation.
Radiation-driven snow ablation is computed using the amount of daily solar
radiation incident on the snow surface; a simple temperature index defines the
daily amount of melt attributed to sensible heat as measured by air temperature
(Coughlan and Running 1997).
2.5 Model Analysis
Given a record of daily weather, description of site vegetation
ecophysiology and simple site physical characteristics, Biome-BGC estimates
daily fluxes of C, nitrogen (N) and water between the atmosphere and vegetation,
litter and soil variables for terrestrial biomes. The state of the assigned
vegetation is fully prognostic: the model simulates changes in structure over time
as interacting functions of disturbance history, daily meteorology and general
ecophysiological characteristics of the vegetation type. Parameters for the
dominant vegetation species were used to characterize the ecophysiology at
each site (Table 2), using data gathered on-site when available and speciesspecific values from the literature (White et al. 2000). The model does not
predict interactions among different vegetation types at the same site, but
simulations with multiple non-interacting types are possible (Law et al. 2001).
Information on the application and validation of Biome-BGC predictions for sub
alpine and boreal ecosystems is available elsewhere (Amthor 1995, Kimball et al.
1997a, Kimball et al. 1997b, White et al. 2000, Thornton et al. 2002, Kimball, et
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al. 2004). Summaries of the relevant modeling processes and description of the
modeling analysis are presented below and in Appendix B.
Gross primary production represents the total C gained by net
photosynthesis and is simulated using the Farquhar photosynthesis model
(Farquhar and Wong 1984), while NPP is derived as the difference between GPP
and Raut [maintenance (Rm) and growth

(R g )

respiration]. Net ecosystem

exchange is the difference between GPP and Rg. Photosynthesis is regulated by
the canopy conductance to CO2 and daily meteorological conditions including air
temperature and light availability. Autotrophic maintenance respiration is
calculated as a function of temperature and tissue N concentration, while growth
respiration is calculated as a fixed proportion of GPP. Heterotrophic respiration is
calculated by multiplying litter and soil organic matter pools by substrate-specific
decomposition rate scalars based on soil temperature, soil moisture and N
availability. A canopy conductance variable regulates surface-atmosphere
exchanges of CO2 and water vapor from the vegetation canopy, and is calculated
from a prescribed maximum rate modulated by a series of environmental
reductions for suboptimal conditions. Irradiance, vapor pressure deficit, soil
water potential (PSI), soil temperature, and daily minimum air temperatures
below 0°C directly affect and limit canopy conductance.
The model was initially run to mature, steady-state (i.e. stable plant and
soil C/N pools) conditions by cycling daily surface weather observations. Daily C
exchange processes were then simulated for the length of surface meteorological
record taking into account historical increases in atmospheric CO2 concentrations
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(Keeling and Whorf 2002) and N deposition (NRSP-3 2004). Both PF and HF
model outputs were weight-averaged to reflect heterogeneous vegetation; PF is
approximately 30% evergreen coniferous and 70% deciduous forest (Bakwin
2004), and according to Dave Hollinger (personal communication, August 26,
2003) HF is approximately 92% evergreen coniferous and 8% deciduous forest.
Least-squares linear regression analysis was used to detect significant
temporal trends in annual NEE, NPP, GPP,

R e ,

R h ,

and

R a u t,

and the

relationships between these variables and snow pack and growing season
dynamics. Anomalous snow pack dynamics were determined by ranking the
annual Julian dates of snow pack depletion and accumulation, and dividing the
entire record into thirds to identify groupings of yearly “early”, “mean” and “late”
snow pack depletion and accumulation dates. The shortest, mean and longest
snow free periods were determined in a similar manner. We likewise compared
annual growing season dynamics over the length of record to identify the
relatively “long”, “mean” and “short” growing season categories.
3. Results and Discussion
3.1 Climate Analysis
General warming was observed at five study sites: NW, NOBS, SOBS,
SOA, and P Falls (Figure 2). Annual Tavg at NW increased an average of
0.73®C/10 years; NOBS Tavg increased 0.07°C/10 years; SOBS Tmax increased
0.73°C/10 years; and SOA Tavg increased 0.57°C/10 years (all p< 0.01). HF
exhibited a significant cooling trend (Figure 3). There was no significant trend in
annual air temperatures at LTH, All statistically significant seasonal and annual
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temperature, precipitation and growing season trends are presented in Table 3.
Interannual variability across sites in observed daily temperature and
precipitation, and estimated growing season length and snow free period is
presented in Table 4. The Durbin-Watson test results revealed that there were
no systematic trends in the standard deviations of either temperature or
precipitation observations; thus subsequent climate and C sequestration
analyses did not violate the assumptions of regression analysis.
The most rapid increasing trend in seasonal air temperatures at boreal
sites occurred during the winter months, followed by increases in summer
temperatures. The trend towards warmer winter temperatures in boreal regions
has been well documented (Serreze et al. 2000). Springtime temperatures at
boreal sites are increasing at a rate that may be ecologically significant, since
any trend potentially affects the timing of spring thaw and the initiation of the
growing season, but only LTH and NW air temperatures demonstrated significant
springtime warming. Lethbridge spring Tmax increased on average 0.24°C/10
years (p< 0.01). Springtime Tmax at the sub-alpine NW site increased an average
of 1.27°C/10 years (p^ 0.01).
Nemani et al. (2002) found that between 1950 and 1993 air temperatures
cooled and annual precipitation increased in the northeast U.S. Observations at
HF confirmed these findings; between 1962 and 1999 annual Tavg significantly
decreased 0.29°C/10 years (p<0.01), Tmax decreased 0.51 °C/10 years (p<0.01),
and annual precipitation increased (p<0.10). The snow pack at HF is remaining
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0.32 days longer every year {p<0.10), associated with increased winter and
spring precipitation and cooler temperatures.
There were no regional trends in snow pack ablation, snow pack
accumulation, precipitation, or growing season termination. The maximum,
mean and minimum Julian dates of snow pack accumulation and depletion and
growing season initiation and termination for each site are presented in Table 5.
On average, the snow pack at LTH disappeared 0.42 days earlier each year
(p<0.05), associated with concomitant decreases in winter snowfall and
increasing spring temperatures. While NW did not display a statistically
significant trend towards earlier snow pack depletion, the increasing winter
temperatures may be causing a shift in the dominant precipitation regime from
snow to rain. The site is receiving, on average, 0.22 cm more rain (p<0.05) and
0.14 cm less snow water equivalence each year (p<0.01). Between 1972 and
1981, 63% of the total precipitation at NW was snow, between 1982 and 1991,
56% of the total precipitation at NW was snow, and between 1992 and 2001 only
51% of the total precipitation at NW was snow. Onset of the growing season is
occurring earlier at NW, SOA and SOBS, and later at HF (Table 3).
Enhanced atmospheric water vapor generally leads to increased minimum
temperature through the latent heat of condensation (Karl et al. 1993). Lower
water vapor pressure deficits reduce evaporative demand and water stress, thus
increasing plant 0 assimilation. This well-known climatological and ecological
relationship implies that areas where Tmax is increasing and Tmmis not are
becoming both warmer and drier. Summer Tmax, but not Tmin, increased at
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SOBS, SOA and NW, indicating that flora at these sites experienced increased
evaporative demand and water stress along with warmer summer temperatures
and longer growing season length.
3.2 Evaluation of Tower and Model Carbon Budgets
Comparisons of Biome-BGC and tower-based estimates of NEE were
encouraging, given the difficulties in measuring net ecosystem C flux (Hollinger
et al. 1999, Baldocchi et al. 2001) and general parameterization of the BiomeBGC model (Table 5). Our evaluation of tower- and model-based estimates for
boreal forest sites are consistent with the findings of Kimball et al. (1997b); model
estimates tended to overestimate tower flux results in forested regions by
approximately 20% (Figure 4a). However, the model under-estimated tower flux
results by approximately 35% for boreal grasslands (Figure 4b).
The model's ability to account for between-site differences and within-site
seasonal dynamics in C budgets relative to tower network results varied. The
model tracked the seasonal shift from a net source to net sink of atmospheric
CO2 at mature boreal evergreen sites within one week of tower-based
observations, but differences between tower and model NEE onset of the
growing season at the boreal grassland site varied from two to four weeks
(Figure 4). There are numerous explanations for the differences between towerand model-based NEE estimates at LTH, the boreal grassland site. Temperature
and radiation drive the phenology model of Biome-BGC (White et al. 1997), but
grassland phenology is controlled largely by temperature, precipitation and soil
moisture (Dickinson and Dodd 1976). Across site differences between model-
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and tower-based fluxes are most likely due to several factors including difficulties
associated with measuring nighttime CO2 fluxes, model assumptions of site
homogeneity, and differing time-scales of meteorological data (Kimball et al.
1997a). Additional comparisons In different climates and for stands at different
developmental stages may further explain the discrepancies between model- and
tower-based fluxes.
Modeled and measured C sequestration rates compared favorably across
the major biome types represented in this investigation (Figure 5; Table 6). The
model generally represented the range of C sequestration across boreal
grassland and forest ecosystems, predicting 68% of the measurements of C
sequestration obtained from the literature and AmeriFlux site principal
investigators (p-value < 0.01). The model also favorably represented the range
of observed LAI (r^=0.68, p<0.001 ; Figure 6), a measure of aboveground
biomass that has been shown to strongly control boreal forest productivity
(Kimball et al. 2000).
3.3 Evaluation of Field and Estimated Hydrologie Budgets
Comparisons of Biome-BGC estimates and field measurements of SWE
indicate that given basic land cover parameters, and relatively simple canopy
descriptions and energy balance modeling, Biome-BGC can be used to
accurately predict SWE in sub-alpine and temperate/boreal transitional regions.
Field measurements and model estimates of SWE were most similar at Ni wot (r^
= 0.89, p<0.001), where 1185 daily measurements were available to verify model
results (Figure 7). Correlation between model estimates and site measurements
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of SWE declined with decreasing snowfall and the number of available field
measurements available to corroborate the model. Field measurements of SWE
showed the least correspondence to model predictions at SOBS (i^= 0.08,
p<0.1 ) and SOA (r^ = 0.08, p<0.1), where only 32 intermittent field measurements
of SWE were made during the BOREAS campaign (Table 8; Figure 7).
At NOBS, SOBS, and SOA, daily SWE measurements were often derived
from a single snow pit evaluation. Pits were dug at random locations irrespective
of the location of trees (Davis 1998). Spatial variation of SWE measurements
under different canopy closures may explain differences between observed and
modeled SWE. Figure 7 demonstrates that while the absolute magnitude of
model and field snow pack dynamics differed, the model captured the seasonal
patterns and general timing of snow pack accumulation, depletion, and duration.
There are several explanations for the differences between observed and
predicted SWE. Biome-BGC simulations of SWE are relatively low, which may
be caused by model meteorological inputs suffering from typical under-catch
errors. Studies show under-catch at standard gauges range from 6 to 15% of
total annual precipitation (Hulme 1995). Further, Biome-BGC uses a 0°C Tavg
threshold for defining snowfall, but snow can fall at air temperatures above 0°C,
suggesting that a dew point threshold may be a more appropriate variable for
discerning between rain and snowfall. The snow model does not account for
wind-driven sublimation. Additional comparisons between measured SWE and
modeled SWE may further distinguish among potential biases in model logic and
measurement error.
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3.4 Study Considerations
This analysis revealed some consistent differences between model
predictions and field observations of 0 budgets, which are likely caused by model
assumptions that are not valid in boreal and sub-alpine ecosystems. The model
assumes single canopy and ground cover surfaces, and thus does not account
for the thick moss-organic layer on the forest floor, an important structural
component of boreal forests that mediates energy flow, nutrient cycling, water
relations, and through these, stand productivity and dynamics (Bonan and
Shugart 1989). Frolking et al. (1999) found that moss {Pleurozium schreberi,
Hylocomium splendens, or Sphagnum spp.) primary production at the NOBS site
accounted for 10% of the annual C assimilated, and served to insulate the soil
organic matter from variations and anomalies in air temperature. Also, methane
emission from boreal ecosystems is believed to be an important contribution to
climate change, but was not accounted for in this study (Routet et al. 1992).
Simulated soil temperature is calculated using air temperature, and thus does not
account for interactions between the snow and the soil. The physical properties
of snow affect soil temperatures in different ways throughout the year. During
winters with deep snow cover, cold air temperatures do not reach the underlying
ground due to the high insulation effect of snow, and in the spring, snow cover
suppresses warming of the soil (Jones et al. 2001).
Finally, in boreal and sub-alpine ecosystems vegetation becomes dormant
in winter to minimize exposure to seasonally stressful conditions. However,
Biome-BGC does not represent winter dormancy, and simulates 0 sequestration
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in coniferous forests when air temperatures and moisture levels are favorable for
growth. In these environments the model may be overestimating C assimilation
and consequently masking the effects of the freeze/thaw transition. This
assumption most dramatically affects seasonal and annual C budgets at lowerlatitudinal sites with warmer average air temperatures and higher average
incident solar radiation. For example, at NW, when model estimates of GPP
were limited by our definition of growing season length, annual GPP decreased
5%, whereas at HP, when model estimates of NPP were limited by growing
season, annual NPP decreased 2%. Considering the low net 0 assimilation and
loss in boreal and sub-alpine ecosystems, small errors in calculating annual 0
budgets may determine whether the region is predicted to be a net sink or net
source of atmospheric CO 2 . Consequently, future studies should consider
dormancy when evaluating high latitude and high elevation C budgets. Despite
these considerations, overall the Biome-BGC simulations of site C budgets and
water fluxes were largely consistent with field-based estimates, indicating the
general ability of Biome-BGC to capture seasonal and annual C sequestration
and loss and hydrologie fluxes in North American boreal and sub-alpine biomes.
3.5 Model Analysis
According to model simulations, seasonal snow pack dynamics and
growing season length have differential impacts on annual NPP and NEE in
North American boreal and sub-alpine biomes, and the relationships between
these variables appear to be governed by plant functional type. Boreal
coniferous and sub-alpine forests responded similarly to snow cover and growing
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season length variability. Annual C assimilation was inversely proportional to the
timing of snow pack depletion and growing season initiation. The timing of snow
pack and growing season dynamics, however, did not significantly control
primary production in boreal deciduous and ecotonal boreal forests or boreal
grasslands. Results of all statistical analyses between snow cover and growing
season and annual C sequestration for all sites are presented in Tables 8 and 9.
Earlier snow pack ablation and growing season initiation correspond to an
increase in both annual NEE and NPP in boreal coniferous and sub-alpine
forests. Conversely, later snow pack depletion and shorter growing season
duration correspond to a decrease in these parameters (Figure 8; Table 8). At
the highest latitudinal (NOBS) and elevation sites (NW), the timing of growing
season initiation exerted a significant control on both NPP and NEE. Canopy
NEE increased 4% with each additional snow free day at NW, and 2% with each
additional snow free day at NOBS. Monson et al. (2002) found that the largest
fraction of annual C sequestration at NW occurs during the early growing season
when daytime temperatures progress from near freezing to near the
photosynthetic temperature optimum, and when R© remains low. Biome-BGC
NEE simulations supported these findings. Between 1972 and 2001 the greatest
daily net ecosystem C gain at NW, approximately 2 gC/m^/day, was predicted to
occur in late May and early June, when air and soil temperatures were still
relatively cool and Re was approximately 21% less than the maximum observed
Re.
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Several characteristics unique to coniferous vegetation explain the
observed relationship between snow pack dynamics and C assimilation in boreal
evergreen and sub-alpine forests. Evergreen conifers are able to
photosynthesize and transpire under favorable environmental conditions in early
spring, when deciduous plants are still dormant (Black et al. 1996, Jarvis et al.
1997).

Morphological factors such as reduced leaf surfaces, a heavy cuticle

layer on the leaves, low numbers of stomates, and stomates recessed below the
other epidermal cells lower the rate of transpiration in conifers; thus conifers are
able to conserve water (Taiz and Zeiger 1998). Conifer forests are optically
darker than broad-leaved forests and short vegetation (Jarvis et al. 1976, Betts
and Ball 1997, Sellers et al. 1997). This characteristic allows them to absorb
more solar radiation, thereby enhancing favorable temperatures for
photosynthesis and giving them a greater potential to evaporate water and warm
the air and soil. Conifer forests are aerodynamically rougher than broad-leaved
forests, shrubs, and herbaceous vegetation, which enhances their ability to
transfer mass and energy with the atmosphere by generating turbulence and
increasing aerodynamic conductance (Jarvis et al. 1976, Jarvis and McNaughton
1986, Baldocchi et al. 2000). Further, the conical architecture of conifers allows
them to shed snow and intercept sunlight more efficiently at low solar elevation
angles (Stenberg et al. 1995).
Unlike the relationship between snow pack depletion and growing season
initiation in boreal coniferous and sub-alpine forests, neither the timing of snow
pack depletion nor onset of the growing season significantly influenced C

21
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

sequestration in predominantly deciduous boreal forest or boreal grassland
biomes (Figure 9). In boreal grasslands and temperate/boreal transitional
forests, net C sequestration and loss are particularly sensitive to four aspects of
climate; (i) the length of the growing season (regulated by air temperature in
spring and early fall), (ii) cloud cover in summer or incident solar radiation, (iii)
snow depth and other factors affecting soil temperature in the dormant season,
and (iv) drought in summer (Barford et al. 2001).
At HP, annual NPP and NEE were regulated most by incident solar
radiation. These results support the findings of Hollinger et al. (1999). At PR and
LTH, earlier snow pack ablation and growing season initiation increased not only
C assimilation, but had a relatively large effect on respiration and drought stress.
In this ecotonal boreal forest and grassland, earlier snow pack ablation and
growing season initiation corresponds to greater NEE when summer precipitation
was adequate to sustain the increased growth and insulate respiration rates. At
LTH, the most water-limited of the seven study sites, NPP significantly correlates
to soil water potential (r^^O.56, p<0.001), and earlier snow pack ablation and low
summer precipitation correspond to increased summer water-stress (Figure 10).
Warmer spring air temperatures significantly control annual NEE (r^=0.23,
p<0.01) and NPP (r^=0.20, p<0.05) at SOA, supporting the work of Kimball et al.
(1997b), Chen et al. (1999) and Black et al. (2000). Our results at SOA further
suggest that annual air temperatures also control NEE (r^=0.18, p^O.01) and
NPP (1^=0.20, p:S 0.05).

In contrast with the previous findings of Chen et al.

(1999) and Black et al. (2000), neither NPP nor NEE at SOA were significantly

22
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

associated with the timing of snow pack depletion or duration of the snow free
period (Table 8).
Chen et al. (1999) and Black et al. (2000) focused on 0 sequestration in
the boreal forest during years with above-average precipitation, thus their
interpretation of 0 sequestration and loss may not represent average conditions.
Conversely, Biome-BGC delays the initiation of bud growth and the active
growing season until the snow pack is fully depleted, and this model assumption
may lead to erroneous results. In view of the importance of long-term monitoring
to better understand the biological and climatic processes controlling C exchange
processes, the Boreal Ecosystem Research and Monitoring Sites (BERMS) will
continue to monitor the flux of CO2 at the SOA site and additional studies
including years with average and below-average precipitation may better
elucidate the environmental constraints on the boreal deciduous forest.
The boreal deciduous forest demonstrated greater sensitivity to water
stress than the boreal coniferous and sub-alpine forest biomes, but water
limitations do not completely explain the relationship between snow pack
depletion and C sequestration. Despite its relatively larger stomatal conductance
and photosynthetic capacity, whereby GPP averaged 8.0 gC/m^/day, earlier
snow pack depletion was not related to increased annual NPP and NEE in the
deciduous forest. Instead, it led to increased Re. Maintenance respiration costs
increased most dramatically at SOA with earlier snow pack ablation, possibly due
to the greater N content in deciduous leaves compared to coniferous needles
(Waring and Running 1998). The most productive years at SOA correspond with
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relatively warm, wet years; conversely, the least productive years correspond
with relatively cold, dry years (Figure 11). Above-average precipitation alleviated
water stress and constrained decomposition, which increases exponentially with
increasing temperatures.
Unlike the timing of snow pack depletion, the timing of snow pack
accumulation was significantly related to NPP, and the termination of the growing
season significantly controlled NEE at SOA (Table 9). Thus it appears the arrival
of snow pack and cooler temperatures in the fall precedes leaf senescence.
Chen et al. (1999) and Black et al. (2000) demonstrated that years with later leaf
emergence maintain higher rates of 0 sequestration towards the end of the
growing season compared to years with earlier leaf emergence, demonstrating
the importance of late summer 0 sequestration on the annual 0 budget of boreal
deciduous forests.
Snow cover influences and is created by climate, and directly and
indirectly controls net 0 assimilation and respiration by vegetation and
decomposition. The extreme seasonality of boreal and sub-alpine
environments, demonstrated by the tremendous variability in both solar radiation
and air temperatures, results in differential seasonal constraints on NEE and
NPP. In the fall, snow pack arrived when colder temperatures and lower solar
radiation were already limiting both GPP and Re. In the spring, snow pack
depletion coincided with the arrival of favorable air temperatures and solar
irradiance for growth. Thus, annual 0 sequestration in boreal and sub-alpine
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biomes is closely coupled to the timing of snow pack ablation, but not snow
accumulation (Table 9; Figure 12).
The greater effects of day length and solar irradiance on annual C
sequestration at more northerly sites are caused by decreased solar elevation
angles and the associated greater seasonality at higher latitudes (Kimball et al.
2004). Maximum day length varies from 16 hours at the southern edge of the
boreal forest to 24 hours at the northern tree line, and the annual cycle of boreal
tree species is regulated in part by these extreme day length conditions. Growth
is initiated and completed during the long summer days when frost hazard is
lowest (Bonan and Shugart 1989). For example, at SOBS and SOA, fall
incoming short-wave radiation was approximately 51% of spring incoming short
wave radiation, and fall day lengths were 33% shorter than spring day lengths
(Table 10).
Further, daily air temperatures at the time of snow pack accumulation
across sites were on average 6.7°C colder than the daily air temperatures at the
time of snow pack depletion. Net C assimilation and respiration by vegetation
are inhibited at low temperatures through decreased enzyme activity and protein
synthesis in plant cells (Raich and Schlesinger 1992). Low temperatures also
constrain photosynthesis and gas exchange indirectly through reductions in
water availability and transport in both soil and vegetation. Reduced water
availability in frozen soil restricts soil nutrients and water uptake by roots, and low
temperatures increase hydraulic resistances to water movement in roots and
xylem, leading to canopy stomatal closure (Woodward and Kelly 1997).
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Because productivity is low and net C exchange is near zero at our boreal
and sub-alpine study sites, the timing of snow pack depletion can be a major
determinant for whether the region is a net annual source or sink for atmospheric
CO 2 . We conclude that boreal coniferous and sub-alpine forests have responded
to warmer temperatures, as indicated by earlier growing season initiation and
snow pack ablation, with increases in annual NEE and NPP (Table 8). Despite
the amplified annual soil respiration and decomposition associated with
increasing snow free period and growing season lengths, annual net C
assimilation in high latitude and high elevation coniferous forests under warmer
conditions was greater than the C released into the atmosphere because of
increased GPP (Figure 8). Under historical rates of atmospheric CO2
concentrations and atmospheric N deposition, warmer temperatures generally
stimulate productivity and net C sequestration in boreal and sub-alpine biomes
more than Rh, indicating the potential for larger C sinks under warmer conditions.
Furthermore, enhanced annual GO2 sequestration in boreal and sub-alpine
biomes is dependent on water availability, thus NPP may be limited if future
lengthening of the snow free period and growing season corresponds with drier
conditions.
While neither snow pack nor growing season dynamics were significant
controls on annual 0 budgets in mixed coniferous and deciduous ecotonal boreal
forests, boreal deciduous forests or boreal grasslands, our results suggest that
deciduous vegetation is more susceptible to the effects of water stress and
increased decomposition associated with warmer temperatures. In the future.

26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

earlier snow pack depletion and growing season initiation in boreal deciduous
ecosystems may result in net efflux of CO2 if they do not receive sufficient
summer precipitation to sustain growth and constrain decomposition.
4. Conclusions
We analyzed long-term (26-63 year) daily surface meteorological records
for seven boreal and sub-alpine biomes in North America. Five of the seven
study sites exhibited a warming trend, with the greatest increases in winter and
summer temperature extrema. One of the seven study sites in the northeastern
U.S. demonstrated a cooling trend and an increase in precipitation.
Model simulations of NEE were generally consistent with tower-based
estimates, and leaf area predictions and measurements were similar.
Comparisons of field measurements of SWE were largely in agreement with
Biome-BGC predictions of SWE in sub-alpine and temperate/boreal transitional
forest ecosystems. Model accuracy decreased for boreal coniferous and
deciduous biomes where few field measurements of SWE were available to
compare with model estimates. Additional model/measurement comparisons of
SWE are necessary to determine whether differences between modeled and
measured snow cover are due to model or measurement bias.
The observed warming trend in boreal latitudes has the potential to alter
the cycle of atmospheric CO2 intake and release by vegetation and soils across
the region, potentially resulting in positive feedbacks to regional warming and
global climate change. High elevation and boreal coniferous and deciduous
biomes respond differently to observed temperature anomalies due to differences
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in ecophysiology, nutrient status, and the frequency and intensity of drought. In
boreal coniferous and sub-alpine forests, earlier thawing and lengthening of the
growing season appear to promote net C uptake by enhancing vegetation NPP
over Rh. There are no significant relationships between the timing of thaw or
growing season duration and annual C sequestration in boreal deciduous and
temperate/boreal transition forests. Numerous explanations for this lack of
relationship were explored, including the relationships between warmer spring
conditions and increased summer water stress, and the influences of substrate
quality on decomposition rates. The accumulation of snow in the fall and the
termination of the growing season did not correspond significantly with annual C
sequestration and loss, since reductions in light availability and cooler
temperatures in fall reduce C sequestration regardless of snow cover.
The contrasting impacts of the timing of snow pack depletion and growing
season initiation on NPP and NEE across boreal and high elevation regions
illustrate the complexity of interpreting climatic impacts on forest and grassland C
balances by identifying two competing influences of climate change on net C
sequestration: spring warming, which promotes photosynthesis and increased
NPP, and increased soil temperature and drought, which favor respiration over
photosynthesis. These results suggest that warm temperatures alone cannot
account for increased C sequestration in some northern latitude ecosystems,
since both temperature and precipitation control NPP. Higher latitudes are
anticipated to undergo the greatest increases in surface temperature with
increasing concentrations of atmospheric CO 2 (IPCC 2001). Our results indicate
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that the predicted regional warming at high latitudes will continue to render boreal
and sub-alpine ecosystems C sinks, so long as soil water is available to
vegetation.
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Table 1. Location, elevation, years of surface meteorological observations for
climate analysis, years of flux tower observations of net ecosystem carbon
exchange (NEE) for simulated carbon balance verification, years of snow water
equivalence (SWE) measurements for hydrologie balance verification, and
descriptions of vegetation type for each study site.________________________
Lat. (■>),

Elev.

Long- (°)

(m)

Years and
Years of Years of Tower
number of
Met.
NEE
SWE
Record’ Observations^ Observations

BOREAS NBA
Old Black
Spruce (NOBS)
Manitoba,
Canada

55.88,
-98.48

259

1972-2001

1994-2001

1994, 1996
n=32

Boreal Coniferous Forest

BOREAS SSA
Old Aspen
(SOA),
Saskatchewan,
Canada

53.63,
-106.20

601

1975-2002

1994 & 1996
growing seasons

1994, 1996
n=32

Boreal Deciduous Forest

BOREAS SSA
Old Black
Spruce (SOBS),
Saskatchewan,
Canada

53.99,
-105.12

629

1975-2002

1994 & 1996
growing seasons

1994, 1996
n=35

Boreal Coniferous Forest

Lethbridge
(LTH), Alberta,
Canada

49.71,
-112.94

960

1938-2002

1998-2001

N/A

Boreal Grassland

60

1962-1999

1996-1999

N/A

Boreal-Northern Temperate
Transitional Forest

470-500

1948-2001

1997-2001

1997-2002
n=129

Boreal-Northern Temperate
Transitional Forest

3050

1972-2001

1998-2002

1996-2001
n=1185

Sub-alpine Forest

Site name,
abbreviation
and location

Howland Forest
(HF), Maine,
USA

Park Falls Tall
Tower (PF),
Wisconsin, USA

Niwot Ridge
Colorado,

(N W ),

oc

Vegetation Type

’ Years of surface local meteorological observations available.
2 Years of flux tower eddy-covariance measurements available for comparison with Biome-BGC
simulated carbon balance.
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Table 2. Site-specific ecophysiological parameters for Biome-BGC 4.1.2.
param Units

Description

1
2
3
4
5
6
7
8
9
10
11

(y r')
(DIM)
(DIM)
(DIM)
(kgC: kgN)
(kgC: kgN)
(kgC: kgN)
(kgC: kgN)
(DIM)
(DIM)
(kgC/m2)

12

(m s "')

13
14

(LAI/day)
(m)

annual turnover proportion for leaves and fine roots
new fine root 0 allocation : new leaf 0 allocation
new stem 0 allocation : new leaf 0 allocation
new coarse wood 0 allocation : new stem 0 allocation
0: N of current year’s foliage at maturity
C:N of fresh leaf litter, after retranslocation
C:N of fine roots
C:N of dead wood
leaf litter lignin proportion
fine root lignin proportion
canopy average specific leaf area (SLA) - projected leaf
area basis
maximum stomatal conductance - projected leaf area
basis
canopy water interception coefficient
effective soil depth

2b. Site-specific values for parameters from Table 2a.
HF (enf)' NR
LTH
param NOBS SOBS SOA
1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.3
0.8
2
0.2
41.3
110
49
300
0.27
0.25
9.76
0.001
0.01

0.3
0.8
2
0.2
41.3
110
49
300
0.27
0.25
9.76
0.001
0.01

1
0.7
2.2
0.15
23
71
52
500
0.2
0.32
24
0.005
0.01

1
2
0
0
28.1
46
50
0
0.17
0.09
35
0.006
0.01

0.25
2.5
1
0.14
50
92
79
300
0.41
0.42
7.7
0.002
0.01

PF
(enf)
0.2
0.26
1.4
1
2.2
2
0.2
0.29
42
40
100
93
58
55
730
300
0.24
0.3
0.22
0.2
8.2
10
0.0015 0.004
0.01
0.01

PF
(dbf)
1
1
2.2
0.23
24
49
42
442
0.17
0.25
32
0.005
0.01

0.6
0.3
2.0
2.0
0.5
0.5
2.0
0.5
1 Param eterization for HF evergreen needle leaf forest (enf) ecopftysiological constraints (epo) file
provided; outputs were weigfit-averaged with BG C default deciduous broadleaf forest (dbf) model
results to reflect heterogeneous site vegetation.
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Table 3. Statistically significant trends in measured seasonal and annual daily
temperature (°C) and precipitation (mm) observations and growing season
estimates. P-values determined at the 90% Confidence Interval. Standard
deviations are given in parentheses. Growing season trends given in days.
Site (Length of
Record)

p-value

r

Mean Value and
Total Change
Standard Deviation
Observed

Decadal
Change

NOBS (1 972-2001)
Sum m er Tm ax

0 .0 2 8

0.40

21.30 (1.40)

1.878

0.6476

0.36

14.32 (1.21)

1.476

0.509

Sum m er Tavg

0.052

W inter Tm ax

0.002

0.42

-16.48 (2.53)

3.69

1.2724

W inter Tmin

0.007

0.49

-27.96 (2.74)

4.506

W inter Tavg

0.010

0.47

-22.22 (2.59)

4.092

1.5538
1.411

Annual Tavg

0.010

0.51

-2.89 (1.34)

2.039

0.0697

SOBS (1975-2002)
W inter Tm ax

0.019

0.44

-8 .0 6 (2 .5 1 )

3.6099

1.337

W inter Tmin

0.042

0.39

-17.57 (2.44)

3.1077

1.151

W inter Tavg

0.027

0.41

-12.82 (2.45)

3 .3588

1.244

Annual Tm ax

0.043

0.39

9.66 (1.59)

2 .0034

0.742

Growing Season
Onset

0.110

0.30

8 7 .8 9 (1 1 .3 3 )

30 days

17 days/10 yrs

Sum m er Tm ax

0.011

0.48

2 1 .0 6 (1 .5 2 )

2.37

0.8778

Sum m er Tavg

0 .0 6 0

0.36

1 6 .3 6 (1 .1 8 )

1.3824

0.512

W inter Tm ax

0 .0 2 8

0.44

-11.31 (2.40)

3.4233

1.26789

W inter Tmin

0.047

0.37

-19.12 (2.69)

3.3399

1.237

W inter Tavg

0.41

-15.22 (2.52)

3.38

1.2519

Annual Tm ax

0.031
0.004

0.53

5 .8 3 (1 .3 3 )

2 .2977

0.851

Annual Tavg

0.033

0.63

1 .5 6 (1 .1 8 )

1.5552

0 .5748

Growing Season
Onset

0.080

0.36

9 2.5 2 (8.47)

27 days

9 days/10 years

Spring Tm ax

0.091

0.22

11.54 (2.18)

1.5616

0 .244

A nn_S W E

0.001

0.52

102.09 (45.55)

-1 .26 2 9

Ann_P PT

0.006

0.37

4 0 0 .3 8 (1 0 6 .1 2 )

-8 .08 2 5
-12.84027

Snow Pack Depletion 0.090

0.28

6 3.0 6 (28.19)

113 days

21 days/1 Oyrs

S O A (1 9 75-2002)

LT H (1 9 38 -2 0 02 )
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-2 .00 6 3

Table 3. Continued
Site (Length of
Record)

p-value

r

Mean and Standard
Deviation

Decadal
Change

Change
Observed

Niwot (1972-2002)

Sum m er Tm ax

0.013
0.016
0.025

Sum m er Tmin

0.001

Sum m er Tavg

0.001

0.66

Fall Tm ax

0.089
0.015
0.008
0.007
0.013
0.018
0.025
0.006
0.044
0.010

0.32
0.44
0.48
0.48
0.30
0.42
0.41
0.59
0.37
0.47

0.001

0.46

103.5(17.21)

60 days

20 days/10 yrs

0.056
0.036
0.003
0.026
0.065
0.008
0.069

-0.32
-0.35
-0.48
-0.36
-0.30
-0.42
-0.30

11.99(1.65)
24.56(1.31)
13.58(1.28)
7.68 (1.08)
0.82 (1.77)
12.80(1.24)
6.54(1.01)

-1.862
-1.604
-2.026
-1.3984
1.6928
-1.892
-1.08

-0.5032
-0.4335
-0.5476
-0.3779
-0.4575
-0.5114
-0.2919

0.018

-0.39

77.53 (11.57)

-43 days

-11 days/10 yrs

Spring Tm ax
Spring Tavg

Fall Tm in
Fall Tavg
W inter Tm ax
W inter Tavg
Annual Tm ax
Annual Tmin
Annual Tavg
A n nuaLS now
A nnuaLR ain
Growing Season
Onset

0.46
0.44
0.40
0.62

6.01 (2.48)
-0.02(1.63)
18.34 (1.90)
3.80 (2.02)
11.07 (1.51)
8.70(1.95)
-3.69 (1.53)
2.50(1.35)

3.798
2.423
2.523
4.116
3.318
2.106
2.298

-1 .1 0 (2 .0 2 )

-6.52(1.18)
7.98 (1.83)
-4.46 (1.33)
1.76(1.12)
397.55(102.59)
301.47 (70.69)

3.168
1.7094
2.6687
3.558
2.1884
-13.599
-11.71992

2.2011

1.266
0.80767
0.841
1.372
1.106
0.702
0.766
0.7337
1.056
0.5698
0.88957
1.86

0.7295
-4.533
-3.90664

Howland (19621999)
Spring Tm ax
Sum m er Tm ax
Fall Tm ax
Fall Tavg
W inter Tm ax
Annual Tm ax
Annual Tavg
Growing Season
O nset
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Table 4. Interannual variability in observed average daily air temperature {°C),
observed precipitation (mm), estimated growing season length (days), and
estimated snow free period (days). Standard deviations from the mean are given
at the 90% Confidence Interval. Absolute average and relative interannual

Site

Mean Average
Mean Average Daily Air Temp
Daily Air Temp
SD

Avg Interannual
Variability In Average
Dally Air Temp

Relative Interannual
Variability in Average
Daily Air Temp

HF

6 .4 6

1.01

2.0

31

LTH

1.1

2.2

44

0.93
1.12

1.9

35
127

PF

4.98
5.27

NW

1.76

NOBS
SO A

-2.89
1.56

1.18

2.4

SOBS

3.36

1.37

2.7

151
81

Site

Mean Annual
PPT

Mean Annual
PPTSD

Avg Interannual
Variability in Annual PPT

Relative Interannual
Variability in Annual
PPT

HF

1024

199

397

39

LTH
PF

403
777

107

215

53

150

300

39

NW
N O BS

696
504

SO A

215

206
181
24

30
36
11

SO BS

229

103
91
12
14

28

12

Site

Mean GSL

Mean GSL SD

Avg interannual
Variability in GSL

Relative Interannual
Variability in GSL

HF

275

16

33

12

LTH

268

19

37

14

PF

242

13

26

11

NW

2 19

39

18

N O BS
SO A

187

20
11

215

12

23
24

12
11

S O BS

229

14

28

12

Site

Mean Snow
Cover Period

HF

119

22

44

37

LTH

71

PF

133

18
21

36
41

31

30
19

59

30
20
44
28

2.2
2.7

1.34

Mean Snow
Avg Interannual
Cover Period Variability in Snow Cover
SD
Period

NW

199

NO BS
SO A

195
113

25

38
50

S O BS

133

18

37

92

Relative Interannual
Variability In Snow
Cover Period
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50

Table 5. Mean Julian date of measured snow cover depletion, accumulation and
duration, and predicted growing season initiation, termination and length (days)
for each site.
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(A u
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Ïc

o
c

s
iO)
c
1
O
s
g _
«» $

o

Site
Avg JD snow
pack depletion
Maximum JD
snow pack
depletion
Minimum JD
snow pack
depletion

NOBS

SOBS

SOA

NW

LTH

PF

HF

128

93

93

143

64

101

97

158

116

117

171

122

131

127

102

61

61

104

9

72

72

299

325

315

310

323

326

322

318

343

359

325

365

314

312

217

297

291

271

262

360

358

Average
duration snow
cover (days)

195

133

113

199

70

133

121

Average JD
growing season
onset

108

88

93

104

79

86

78

91

55

73

74

32

62

47

137

106

107

129

106

105

101

288

308

302

302

313

317

331

273

289

287

281

287

292

292

318

327

320

324

343

341

350

187

229

219

219

268

242

276

Avg JD SP
Accum
Maximum JD
snow pack
accumulation
Minimum JD
snow pack
accumulation

Earliest JD
growing season
onset
Latest JD
growing season
onset
Avg JD growing
season offset
Earliest JD
growing season
offset
Latest JD
growing season
offset
Average
growing season
length (days)
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Table 6. Mean model predictions and tower estimates of net ecosystem
exchange (NEE; gC/m /day) across study sites with standard deviations given in
parentheses. Results of least-squares linear regressions between tower
measurements and model estimates.
Site

NOBS

SOA

SOBS

NW

LTH

PF

HF

Mean Tower
NEE (SO)

-0.170
(0.017)

-1.186
(0.123)

-0.362
(0.058)

-0.192
(0.036)

-0.135
(0.025)

-0.016
(0.025)

-1.055
(0.09)

Mean Model
NEE (SD)

-0.059
(0.030)

-0.174
(0.110)

-0.935
(0.053)

-0.273
(0.031)

0.028
(0.72)

-0.25
(2.056)

-0.093
(0.027)

r® Tower
and Model
NEE

0.61

0.44

0.41

0.57

0.16

0.31

0.58

P < 0.001

P < 0.001

P < 0.001

P <0.001

P < 0.001

P < 0.001

Significance
P < 0.001
at 90% C.l.

Table 7. Absolute and relative differences between some measured and
_
_
_
_
_
_
_
_
_
_
_

I _
_
_
_
_
_
_
_
__ _
_
_
_
_
_
_
_
_

Site

Variable

Measured
Value

Source

Predicted
Value

Absolute
Difference^

Relative
Difference^

NO BS

2001 G P P

600

Flanagan et al. (2002)

553

47

8%

S O BS

2001 NEE

18-53

Griffis et al.
(2003)

65

-47 to -12

-7 to -18%

SO A

2001 NEE

64-142

Griffis et al.
(2003)

114

-50 to 28

-4 to 25%

PF

1997 G E P

9 4 7 (1 8 )

Davis et al.
(2003)

1046

81 to 117

-9%

HF

1996 NPP

210

Holiinger et al. (1999)

246

-36

-15%

LTH

2001 G PP

271

Flanagan et al. (2002)

260

11

-4%

1 Absolute difference calculated as difference between measured and modeled values.
2 Relative difference calculated as ({m easured-m odeled)/m odeled)*100.
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Table 8a. a) Mean measured and modeled snow water equivalence (SWE) for
Biome-BGC 4.1.2 hydrologie model verification.__________________________
Site
Name

Mean Field SWE (mm),
Standard Deviation
Mean Model SWE (mm) Mean Relative Mean Absolute
and Sample Size
and Standard Deviation
Error'
Error

NOBS'

164.9 (40.1), n=35

81.1 (31.3)

-1%

-83.8

SOA’

175.4 (59.7), n=32

6.9 (10.6)

-24%

-168.5

SOBS’

152.2 (57.0), n=35

16.1 (17.0)

-8%

-136.1

PF^

48.2 (30.9), n=129

6 .0 (1 0 .3 )

-7%

-42.2

NW^
1.1 (1.3), n=1856
-21%
-1.05
0 .0 5 (0.06)
1. NOBS, SO BS and SOA S W E measurements were taken during three BO REAS field
campaigns. T h e first S W E measurements were taken between November 15th 1993
and April 1994; the second S W E measurements were taken between November 1994
and April 1995; the third S W E measurements were taken between Novem ber 1995 and
April 1996.
2. Daily snow depth, not S W E , was measured at the Park Falls/W LEF tower site between
1999 and 2001.
3. Daily NW S W E measurements were available from 1996 through 2001.
4. Mean relative error calculated as ((predicted-observed)/predicted].
5. Mean absolute error calculated as (predicted-observed).

Table 8b. Results of observed SWE (mm) or snow depth (mm) and modeled
SWE (mm) least-squares linear regression analyses. Standard errors in
brackets. P-vatues at the 90% Confidence Interval.
P Falls (Snow
Niwot
Depth)
SOA
SOBS
Site Name NOBS
R e s u lts of
O b s e rv e d and
M o d e le d S W E
R e g re s s io n
A n a ly s e s

r^= 0 .5 1
[S E = 2 8 .4 ]
P < 0 .0 0 1

r^ = 0 .0 8
[S E = 5 8 .2 7 ]
P < 0 .1 2 4

r^ = 0 .0 8
[S E = 5 8 .2 6 ]
P < 0 .1 2 4

r^ = 0 .8 9
[S E = 4 5 .5 3 ]
P < 0 .0 0 1
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r" = 0 .7 2
[S E = 6 .3 0 ]
P < 0 .0 0 1

Table 9. Average predicted NPP (gC/m%r) and NEE (gC/m^/yr) associated with
observed snow cover and growing season dynamics. Statistically significant
relationships are presented in boldface. P-values at the 90% Confidence Interval

1
•o
s
1
1
Q.
&

1

Sg:
0) %

II
1

1
<Q

1
1
I

m lu

r

o

Site

NOBS

SOBS

SOA

NW

LTH

PF

HF

Avg NPP

361

273

327

345

148

853

488

Maximum NPP

444

400

439

507

256

1066

563

Minim um NPP

273

123

250

10

37

476

416

Avg NPP with Early Snow
Pack Depletion

382

291

318

382

139

864

564

Avg NPP with Late Snow
Pack Depletion

315

266

303

304

148

858

488

r* Between JD Snow
Pack Depletion and NPP

0.31
(0.001)

0.14
(0.05)

0.02
(0.47)

0.07
(0.16)

0.003
(0.21)

0.16
(0.71)

Avg NPP with Early
Growing Season Onset

381

291

347

387

153

858

491

Average NPP with Late
Growing Season Onset

322

275

324

282

144

806

474

Between JD Growing
Season Onset and NPP

0.32
(0.001)

0.01
(0.62)

0.01
(0.60)

0.26
(0.004)

0.02
(0.31)

0.03
(0.23)

0.01
(0.99)

Avg NEE

46

30

41

53

3

101

78

Maximum NEE

150

154

153

154

80

302

120

Minimum NEE

-74

-153

-93

-181

-13

-190

41

Avg NEE with Early Snow
Pack Depletion

60

64

41

80

0

129

82

Avg NEE with Late Snow
Pack Depletion

5

29

27

34

0

71

79

between JD Snow
Pack Depletion and NEE

0.21
(0.01)

0.12
(0.06)

0.04
(0.29)

0.14
(0.05)

0.02
(0.16)

0.01
(0.85)

0.01
(0.65)

Average NEE with early
growing season onset

68

40

90

72

0.07

145

83

Average NEE with late
growing season onset

0.5

30

26

-11

-0.06

68

71

between JD growing
season onset and NEE

0.27
(0.003)

0.001
(0.61)

0.01
(0.60)

0.26
(0.004)

0.02
(0.42)

0.05
(0.16)

0.05
(0.16)

0.001
(0.26)
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Table 10. Results of least-squares linear regressions between observed snow
pack accumulation and snow pack duration and predicted NEE and NPP
(gC/m^/yr), and predicted growing season termination (GS Term) and length (GS
Length) and predicted NEE and NPP (gC/m^/yr) at each site. Statistically
significant relationships are presented in boldface. P-values at the 90%
Site

SOA

NW

LTH

PF

HF

r^ = o .i2
(0.08)

= 0.01
(0.63)

1^ = 001
(0.80)

r^=o.03
(0.14)

1^ < 0.001
(0.98)

1^ = 0 0 8
(0.16)

= 0.04
(0.32)

1^ =0.09
(0.11)

1^ = 0.06
(0.06)

= 0.02
(0.16)

< 0.001
(0.98)

r® = 0.28
(0.01)

= 0.05
(0.25)

1^ = 0.02
(0.27)

= 0.08
(0.08)

1^ = 0.01
(0.70)

1^=0.001
(0.93)

= 0.03
(0.34)

GS Termination
and NPP

= 0.01
(0.53)

—0.06
(0.21)

r^ = 0.11
(0.58)

r^ < 0.001
(0.98)

= 0.02
(0.38)

= 0.004
(0.90)

1^ = 0.24
(0.02)

GS Length and
NPP

r* = 0.39
(0.001)

1^ = 0.08
(0.15)

1^ = 0.05
(0.27)

1^ = 0 1 2
(0.07)

r^ = 0.004
(0.67)

1^ = 0.01
(0.48)

r^ = 0.46
(0.001)

GS Length and
NEE

r® = 0.13
(0.05)

= 0.04
(0.32)

r® = 0.01
(0.09)

= 0.16
(0.03)

< 0.001
(0.98)

= 0.02
(0.30)

r* = 0.29
(0.01)

NOBS

SOBS

SP
Accumulation and
NPP

= 0.03
(0.35)

= 0.002
(0.82)

SP Duration and
NPP

= 0.35
(0.001)

SP Duration and
NEE

47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 11. Five day running average simulated daily solar irradiance (W/m^) and
five day running average observed air temperature (°C) at the time of snow pack
depletion, defined as thaw, and at the time of snow pack accumulation, defined
as freeze. Absolute differences between freeze and thaw average air

Site
NO B S

SO BS

SO A

NW

LTH

PF

HF

Freeze/Thaw
Event

Average Air
Temperature

Solar Irradiance

Freeze

-1.51

131

Thaw

4.82

364

Freeze

-4.92

112

Thaw

2.02

351

Freeze

-6.79

93

Thaw

-0.07

309

Freeze

-0.86

197

Thaw

2.66

353

Freeze

-5.86

287

Thaw

8.74

392

Freeze

-0.25

153

Thaw

3.56

400

Freeze

-1.53

174

Thaw

3.61

410

Average Air
Temperature
Difference

Solar
Irradiance
Difference

-6.33

233

-6.94

239

-6.72

216

-3.52

156

-14.6

105

-3.9

247

-5.14

236
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Figure 1. Map of study sites.
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4

Figure 2. Statistically significant warming trend in observed annual average
temperature (Tavg) at Park Falls, Southern Old Black Spruce, Southern Old
Aspen, Niwot Ridge and Northern Old Black Spruce, 1975-2001. All p-values <
0.05.
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Figure 3. Significant cooling trend in observed annual average air temperatures
at Howland Forest, Maine, 1975-1999.
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Figure 4a. Comparison of observed five day running average tower-based
estimates and five day running average model predictions of NEE at NOBS.
1^=0.61, p=0.001.
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Figure 4b. Comparison of observed five day running average tower-based
estimates and five day running average model predictions of NEE at LTH.
r^=0.16, p=0.001.
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1200

Figure 4c. Comparison of observed five day running average tower-based
estimates and five day running average model predictions of NEE at SOA.
r^=0.44, p=0.001.
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Figure 4d. Comparison of observed five day running average tower-based
estimates and five day running average model predictions of NEE at NW.
r^=0.57, p=0.001.
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800

900

Figure 5. Least-squares linear regression analyses between field
measurements of biomass and concomitant model estimates of the variables,
ranging from soil carbon to gross primary production.
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Figure 6. Least-squares linear regression between modeled and measured leaf
area index (LAI; m /m^).
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6

Figure 7. Comparison between observed and modeled snow water equivalence
(SWE).
7a. NOBS field measurements and model estimates of SWE (mm) November
1994-April1995, and November 1995-April 1996. r^=0.51, p=0.001.
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7b. NW field measurements and model estimates of SWE (mm) from January
1996-March 2000. r^=0.51, p=0.001.
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1600

1800

Figure 8. Simulated average net primary productivity (NPP) (gC/m^/yr) and
associated snow cover. Snow pack depletion (SP Dep) anomalies were
calculated by subtracting the Julian date of ablation from the mean date of snow
pack ablation, and dividing the length of record into “early”, “mean” and “late”
based on relative timing of predicted snow water equivalence. Julian date snow
pack depletion and NPP are significantly related at NOBS and SOBS (p-values <
0.05).
□ Early S P D ep N P P ■ Avg N P P □ Late S P D e p N P P
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HF

Figure 9. Simulated soil and leaf water potential (PSI; Mpa), dally gross primary
production (GPP; gC/m^/day), and daily ecosystem respiration (R@; gC/m /day) at
the boreal ecotonal forest near Howland Forest, Maine.
9a. PSI, GPP and Re at Howland Forest, Maine throughout 1999, a year with
early snow pack ablation.
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9b. PSI, GPP and Re at Howland Forest, Maine throughout 1996, a year with late
snow pack ablation.
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Figure 10. Simulated soil water potential (MPa), daily growth respiration ( R g ;
gC/m^day) and daily gross primary production (GPP; gC/m^/day) at LTH
throughout 1992, the earliest snow pack depletion date on record, and 1986, the
latest snow pack depletion date on record.
10a. Snow pack ablation January 9, 1992.
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10b. Snow pack ablation May 2, 1986.
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350

Figure 11. Simulated cumulative net ecosystem productivity (NEP; gC/m^/day)
and cumulative net primary productivity (NPP; gC/m^/day) throughout the
warmest, wettest year on record, and the coldest, driest year on record at the
Southern Old Aspen (SOA) and Northern Old Black Spruce (NOBS) sites.
11a. SOA cumulative NEP and cumulative NPP throughout 2000, the warmest,
wettest year on record, and 1982, the coldest, driest year on record.
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11 b. NOBS cumulative NEP and cumulative NPP throughout 2001, the warmest,
wettest year on record, and 1972, the coldest, driest year on record.
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Figure 12. Percent of annual maximum daily incident solar radiation at LTH,
NW, PF, SOA, NOBS, and HF.
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Appendix A: Study Site Descriptions
Study sites were limited to boreal, sub-alpine and ecotonal boreal
AmeriFlux tower sites with a minimum of two growing seasons of NEE
measurements and long-term (26 to 63 years) surface meteorological
observations to study the effects of snow cover and growing season duration on
high latitude and elevation regions. Ancillary measurements of biomass, gross
primary production, net primary production and/or respiration were available for
six of the seven sites, and used to verify the simulated C balance of Biome-BGC
4.1 .2. Five of the seven sites were chosen based on the availability of field
measurements of snow water equivalence, which were used to verify the
hydrologie sub-model of Biome-BGC 4.1.2 (Appendix B). Figure 1 is a map of
the study sites. Location and general site characteristics are presented in Table
1.

The Howland Forest (HF) is located about 35 miles north of Bangor,
Maine. The natural stands in this boreal-northern hardwood transition forest
consist of -41% red spruce {Picea rubens Sarg.), 25% eastern hemlock {Tsuga
Canadensis (L.) Carr ), 23% other conifers and 11% hardwoods. The soils are
generally glacial tills, with low fertility and high organic composition. The forest
was selectively logged around 1910.
The Niwot Ridge (NW) site is a high elevation sub-alpine forest near
Nederland, Colorado. The forest is composed of subalpine fir {Abies lasiocarpa),
Engelmann spruce {Picea engelmannii), and lodgepole pine {Pinus conforta).
The understory is relatively sparse, containing tree seedlings from all three
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species and patches of bilberry ( Vaccinium myrtillus). The forest slopes gently
(6-7%) and uniformly, decreasing in elevation from west to east. The forest was
established from natural regrowth after extensive logging from 1900-1910.
The boreal aspen {Populus tremuloides) site (SOA) is located in the
southern study area of the boreal ecosystem-atmosphere study (BOREAS)
project in Prince Albert National Park, approximately 50 km north-west of Prince
Albert, Saskatchewan. The site is in a horizontally extensive and homogenous
even-aged stand with a well-drained clay-loam soil (Brooks et al. 1997). During
the growing season, there was a thick and extensive understory composed
mainly of hazelnut {Corylus cornuta) with an average height of 2 m (Chen et al.
1997). A unique feature of this stand is that during the 1994 growing season, the
LAI of the understory was even larger than that of the overstory (Black et al.
1996). The site was established by natural regeneration after a fire in 1919.
The Park FallsAA/LEF (PF) tower is located in the Chequamegon-Nicolet
National Forest, Wisconsin. The vegetation surrounding the tower was
comprised (>80%) of four major forest cover types: forested wetlands, upland
aspen forests, upland northern hardwood forests, and upland pine forests, and a
fifth, non-forested cover type, grass (open meadow). The bedrock is comprised
of Precambrian metamorphic and igneous rock, and overlain by 8 to 90 m of
glacial and glaciofluvial material deposited approximately 10,000-12,000 years
ago. Topography is slightly rolling, varying by 45 m between highest and lowest
elevations within the defined study area. Management activities such as thinning,
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selective and clear-cut harvests have impacted the forest vegetation (Fassnacht
and Gower 1997, 1999).
Situated on the relatively flat terrain of the Canadian Shield, the Northern
Old Black Spruce (NOBS) study site is near the northern edge of the boreal
forest, in the zone of discontinuous permafrost. Approximately 120 years old, the
forest is a mosaic of upland stands and bogs, with dense 10 m tall black spruce
{Picea mariana) on the uplands, and 1-6 m tall stunted spruce in poorly-drained
bogs. The groundcover is primarily moss, with feather moss {Pieurozium
schreberi and Hylocomium spiendens) occupying the upland areas, and
sphagnum moss (Sphagnum cymbifolium) in the bogs.
Lethbridge (LTH) is a boreal grassland located approximately 1.5 km west
of Lethbridge, Alberta, Canada. The soils are orthic dark-brown chernozems and
the plant community consists primarily of grasses (Agropyron dasystachum
(Hook.), A. smithii (Rydb.)). Average canopy height is 18.5 cm. The grassland
has not been grazed for at least 20 years and there is a substantial amount of
dead plant material on the surface. The climate is described as cool and semiarid.
The Southern Old Black Spruce site (SOBS) is located approximately 100
km northeast of Prince Albert, Saskatchewan near White Swan Lake. The
vegetation is mostly black spruce (Picea mariana), and tree height ranges from 0
to 15m. Ground level vegetation consists mostly of moss and Labrador tea. This
type of forest is quite boggy and has many small pockets of standing water.
SOBS is also located in the southern study area of the boreal ecosystem-
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atmosphere study (BOREAS) project, and was established by natural
regeneration after a forest fire in the 1870s.
Additional information on site characteristics and measurements is
provided elsewhere (e.g., Black et al. 1996, Chen et al. 1997, Gower et al. 1997,
Goulden et al. 1998, Holiinger et al. 1999, Black et al. 2000, Berger et al. 2001,
Falge et al. 2002, Monson et al. 2002).
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Appendix B: Description of Biome-BGC 4.1.2 Processes
Many of the important physical and biological processes represented in
Biome-BGC version 4.1.2 are summarized below (Thornton et al. 2002).
Autotrophic respiration. Two types of autotrophic respiration are distinguished:
maintenance respiration, which is calculated as a function of tissue mass, tissue
nitrogen concentration, and tissue temperature, and growth respiration, which is
a simple proportion of total new 0 allocated to growth. Maintenance respiration
costs are incurred regardless of current assimilation rate.
Canopy radiation. The plant canopy leaf area is divided into sunlit and shaded
fractions on the basis of a radiation extinction coefficient that varies with leaf
geometry. All plant physiological processes are calculated separately for the
sunlit and shaded canopy fractions. Differences in leaf physiology between the
sunlit and shaded fractions are parameterized as differences in specific leaf area,
with the mass-based nitrogen concentration and controls on stomatal
conductance constant between sunlit and shaded fractions.
Carbon and nitrogen allocation. The C:N stoichiometry of new plant allocation
is constant, defined by ratios between allocation to new leaf and to other plant
tissues (fine root, live and dead stem wood, live and dead coarse root wood).
The C:N stoichiometry of total plant biomass changes over time as leaves and
fine roots turn over to litter pools, while wood accumulates. All plant pools for C
and N are completely predictive. For example, leaf area responds to changes in
climate, physiological parameterizations, disturbance regimes, and dynamics in
the soil organic matter pools over time. The availability of C from assimilation
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and the availability of N from plant mineral N uptake must be balanced to meet
this constant C:N for new growth, which is achieved by down-regulating
assimilation under conditions of chronic N limitation.
Evaporation and transpiration. Both processes are estimated using the
Penman-Monteith equation. Available energy is partitioned between the canopy
and the soil surface. Soil evaporation is predominantly a function of the number
of days since rainfall. Energy available in the canopy is divided between the
evaporation of water intercepted on the canopy and transpiration. Both
processes depend on the leaf-scale aerodynamic conductance, with transpiration
also depending on stomatal conductance.
Heterotrophic respiration. Litter and soil organic matter decomposition
produce a heterotrophic respiration flux, which depends on the size of the litter
and soil organic matter pools and their decomposition rate constants. The rate
constants depend on soil temperature, soil moisture and the availability of soil
mineral N for those steps which are immobilizing N.
Litter and soil organic matter pools. All plant litter is divided into three pools
on the basis of the weight fractions of lignin, cellulose plus hemicellulose, and
remaining mass in the litter. These litter pools undergo chemical degradation at
different rates, producing a connected series of soil organic matter pools. The
model structure defines a converging cascade of progressively more recalcitrant
soil organic matter (Thornton, 1998). Before entering the active litter pools,
woody litter passes through a coarse woody debris pool that is subject only to
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physical degradation. C:N ratios for the litter pools depend on the inputs from
plants, but C:N ratios for the soil organic matter pools are fixed.
Plant mineral nitrogen uptake. Plants compete with the N immobilizing
processes in the litter and soil decomposition dynamics for one pool of soil
mineral N. This competition is based on relative demand, which is set by the
plant’s potential assimilation rate and the potential N immobilization rate due to
decomposition. Actual assimilation and actual decomposition then proceed at
either their potential rates if mineral N is not limiting, or at reduced rates if N is
limiting.
Phenology. For all vegetation types, some growth can be stored for display
during the following growing season. For this stored growth, the model
developed by White et al. (1997) is used to estimate the middle of the leaf
expansion and litterfall periods for deciduous broadleaf trees and grasses. The
current growth component has a strong dependency on stored growth, since the
stored growth augments the canopy leaf area and changes the growth potential
independent of the current growing season conditions. This is essential to the
development of new canopy in the spring for a deciduous system, and is also
important for evergreen vegetation.
Photosynthesis. Assimilation (A) on a unit projected leaf area basis for C3
plants is estimated independently for the sunlit and shaded canopy fractions,
using a biochemical model and substitution from the CO2 diffusion equation to
eliminate the explicit dependency on intracellular CO2 concentration. The
maximum rate of carboxylation is calculated as a function of the specific activity
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of the Rubisco enzyme, the weight fraction of nitrogen in the Rubisco molecule,
the fraction of total leaf nitrogen that is in the Rubisco enzyme, the specific leaf
area, and the leaf C:N ratio.
Snowmelt. Snowmelt and snow sublimation are functions of irradiance and daily
average temperature. If Tavg > 0° C, canopy transmitted radiation triggers snow
melt and transfers water from the snow pack to the soil.
Stomatal conductance. Conductance is a function of a minimum value and a
series of multiplicative reductions based on incident radiation, vapor pressure
deficit, leaf water potential, and nighttime minimum temperature (Running and
Goughian 1988). There is no direct effect of changing atmospheric CO2
concentration on stomatal conductance.
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